The N-methyl-D-aspartate (NMDA) glutamate receptor is a major target of ethanol in the brain. Previous studies have identified positions in the third and fourth membrane-associated (M) domains of the NMDA receptor GluN1 and GluN2A subunits that influence alcohol sensitivity. The predicted structure of the NMDA receptor, based on that of the related GluA2 subunit, indicates a close apposition of the alcohol-sensitive positions in M3 and M4 between the two subunit types. We tested the hypothesis that these positions interact to regulate receptor kinetics and ethanol sensitivity by using dual substitution mutants. In single-substitution mutants, we found that a position in both subunits adjacent to one previously identified, GluN1(Gly-638) and GluN2A(Phe-636), can strongly regulate ethanol sensitivity. Significant interactions affecting ethanol inhibition and receptor deactivation were observed at four pairs of positions in GluN1/GluN2A: Gly-638/Met-823, Phe-639/Leu-824, Met-818/Phe-636, and Leu-819/Phe-637; the latter pair also interacted with respect to desensitization. Two interactions involved a position in M4 of both subunits, GluN1(Met-818) and GluN2A(Leu-824), that does not by itself alter ethanol sensitivity, whereas a previously identified ethanolsensitive position, GluN2A(Ala-825), did not unequivocally interact with any other position tested. These results also indicate a shift by one position of the predicted alignment of the GluN1 M4 domain. These findings have allowed for the refinement of the NMDA receptor M domain structure, demonstrate that this region can influence apparent agonist affinity, and support the existence of four sites of alcohol action on the NMDA receptor, each consisting of five amino acids at the M3-M4 domain intersubunit interfaces.
Introduction
Unlike most drugs of abuse, ethanol produces its effects on the CNS at high (millimolar) concentrations and through actions on multiple target proteins (1, 2) . One of the major targets of ethanol in the brain is the N-methyl-D-aspartate (NMDA) glutamate receptor (3) (4) (5) . Ethanol inhibition of NMDA receptors in vitro is well established; ethanol inhibits NMDA receptor current (6, 7) and NMDA receptormediated events such as Ca 2+ influx (8, 9) , excitatory synaptic potentials (10) , and neurotransmitter release (11) . Studies in multiple animal species (12) (13) (14) (15) (16) (17) and in humans (18) (19) (20) have demonstrated a crucial role for NMDA receptor inhibition in the subjective and behavioral effects of alcohol. The molecular sites through which 3 ethanol modulates the function of the NMDA receptor, however, have been difficult to identify. The phosphorylation state of residues in the intracellular C-terminal domain can influence ethanol inhibition of the NMDA receptor (22) (23) (24) (25) (26) (27) , but this involves a regulation of ethanol sensitivity rather than the mechanism of ethanol action because ethanol inhibition is unchanged or enhanced by the removal of the NMDA receptor C-terminal domain (28) . Using scanning mutagenesis approaches, we and others have previously identified a number of putative sites of alcohol action in the NMDA receptor M3 and M4 domains (29) (30) (31) (32) (33) . Ronald et al. (32) initially demonstrated that mutations at Phe-639 in the M3 domain of the GluN1 subunit could influence ethanol inhibition of the NMDA receptor and that the characteristics of this position were consistent with a site of alcohol action. Studies from this laboratory in the GluN2A subunit found that the cognate position, Phe-637, also modulates ethanol inhibition (31) and identified two positions in the M4 domain, Met-823 and Ala-825, that regulate ethanol sensitivity (29, 30) . Although the role of the latter position is still unclear, the characteristics of Met-823 fulfill some criteria for a site of alcohol action, and molecular dynamics simulations are consistent with ethanol binding to this side chain (34) .
The action of ethanol on NMDA receptors involves modulation of ion channel gating rather than agonist binding (7, 35) . Of the ethanolsensitive positions identified to date, Phe-637 and Met-823 in the GluN2A subunit strongly regulate ion channel gating, as mutations at these positions alter ion channel mean open time and apparent desensitization (31, 36) . In a previous study we found that these positions functionally interact with respect to ethanol sensitivity but that they do not appear to form a unitary site of alcohol action (34) . This finding is consistent with a structural model of the NMDA receptor (supplemental information in Ref. 37 ) based upon that of the related GluA2 receptor (37) . In the model, as in the GluA2 receptor structure, the M3 domains line the upper part of the channel pore. Because of the diagonal subunit arrangement in NMDA receptors (N1/N2/N1/N2) (38) , the outward face of the M3 domains of one subunit type is oriented toward, and appears to form multiple interactions with, the M4 domain of the adjacent subunit of the other type. The structural model predicts the presence of four sites of alcohol action on the 4 NMDA receptor, each containing five amino acids: two sites at the GluN1 M3/GluN2A M4 interfaces and two sites at the GluN1 M4/GluN2A M3 interfaces, such that GluN2A(Phe-637) would be present at one type of site and GluN2A(Met-823) at the other. In this study we report that additional residues predicted to form these sites can alter ethanol inhibition and that all side chains predicted to be in close proximity interactively regulate both ethanol inhibition and receptor kinetics. We additionally report a shift by one position of the GluN1 M4 domain relative to the proposed structural model such that a methionine is present in the initial position of the ethanol site in M4 at both sites. Based on these findings, we propose the existence of four sites of ethanol action on NMDA receptors located at the M3-M4 domain interfaces.
Experimental Procedures

Materials
All drugs and chemicals were obtained from Sigma. Chemicals used to make recording solutions were the highest purity available.
Site-directed Mutagenesis, Cell Culture, and Transfection
Site-directed mutagenesis in plasmids containing GluN1 or GluN2A subunit cDNA was performed using the QuikChange II kit (Agilent Technologies, Santa Clara, CA), and all mutants were verified by double-strand DNA sequencing. Human embryonic kidney 293 (HEK 293) cells were transfected with GluN1, GluN2A, and green fluorescent protein at a ratio of 2:2:1 using the calcium phosphate transfection kit (Invitrogen), and either 200 μm d-l-2-amino-5-phosphonovaleric acid (APV) and 100 μm ketamine or 1 mm APV was added to the culture medium to prevent excitotoxic cell death. NMDA antagonists were removed before use in experiments by extensive washing. Cells were used in experiments 18-48 h after transfection.
Electrophysiological Recording
Whole-cell patch clamp recording was performed at room temperature using an Axopatch 1D or Axopatch 200B (Axon Instruments Inc., Foster City, CA) amplifier essentially as described previously (39) . Briefly, patch-pipettes had open tip resistances of 2-8 megaohms after heat polishing; series resistances of 4-15 megaohms were compensated by 80%. Cells were voltage-clamped at −50 mV and superfused in an external recording solution containing 150 mm NaCl, 5 mm KCl, 0.2 mm CaCl2, 10 mm HEPES, 10 mm glucose, and 10 mm sucrose. The ratio of added HEPES-free acid and sodium salt was calculated to result in a solution pH of 7.4 (Buffer Calculator, R. Beynon, University of Liverpool); the final pH was adjusted if necessary using HCl. Patch-pipettes were filled with a solution containing 140 mm CsCl, 2 mm Mg4ATP, 10 mm BAPTA, 2 and 10 mm HEPES (pH 7.2). Solutions of agonists and ethanol were prepared fresh daily and applied to cells using a stepper motor-driven rapid solution exchange apparatus (Warner Instruments, Inc.) and 600-μm inner diameter square glass tubing. After obtaining a gigaohm seal, cells were lifted off the surface of the dish to increase the speed of the solution exchange; the 10-90% rise time for solution exchange under these conditions is ∼1.5 ms (36) . In concentration-response experiments, the order of application of the various concentrations of ethanol was randomized for each cell to eliminate time-dependent effects. Data were filtered at 2 kHz (8-pole Bessel) and acquired at 5 kHz on a computer using a DigiData interface and pClamp software (Axon Instruments).
Data Analysis
In concentration-response experiments, IC50 and n (slope factor) were calculated using the equation
n , where y is the measured current amplitude, x is concentration, n is the slope factor, and Emax is the maximal current amplitude. Statistical differences among concentration-response curves were determined by comparing log transformed IC50 values from fits to data obtained from individual cells using analysis of variance (ANOVA).
Significant interactions with respect to ethanol sensitivity among mutants at multiple positions were determined by two-way ANOVA of log-transformed IC50 values and by mutant cycle analysis. Mutant cycle analysis was performed essentially as described by Venkatachalan and Czajkowski (40) . Briefly, tryptophan substitution mutations were introduced singly and in combination at positions in GluN1 and GluN2 subunits proposed to interact, and ethanol IC50 was determined in each mutant. The apparent interaction free energy ΔΔGINT for mutations at two positions is the free energy difference between the parallel energies in the cycle (i.e. from the wild-type and either single mutant to the other single mutant and the dual mutant). Apparent interaction free energies among mutated positions were calculated using natural logarithms (ln) of ethanol IC50 values obtained from wild-type and mutant subunit combinations using the equation
Because non-interacting positions should have an apparent interaction free energy of zero, mean values of ΔΔGINT ± S.E. were tested for statistically significant differences from zero energy using one-sample t tests with degrees of freedom df = NWT + NMUT1 + NMUT2 + NMUT1,MUT2 − 4, with NX equal to the number of cells used for each combination of wild-type and mutant subunits and S.E. determined from propagated errors. Values for ethanol log IC50 in GluN2A tryptophan mutants at Phe-637, Ala-825, and Met-823 are those reported previously (30, 31, 39) .
Time constants (τ) of deactivation were determined from fits of the current decay after the removal of glutamate (in the continued presence of glycine) to an exponential function using Clampfit (Axon Instruments). In most cells deactivation was best fitted using a biexponential function; in these cases, the weighted time constant is reported. For cells in which deactivation was adequately fitted by a single exponential function, this value is reported. In one mutant pair, GluN1(Leu-819) and GluN2A(Phe-637), steady-state to peak current ratios were determined as a measure of apparent desensitization. Significant interactions with respect to deactivation and steady-state to peak current ratios among mutants at multiple positions were determined by two-way ANOVA and by mutant cycle analysis, which 7 was performed using the equation and analysis described above for ethanol IC50 values. All values are reported as means ± S.E.
Results
Single Mutations in the M3 and M4 Domains Alter Ethanol Inhibition of NMDA Receptors
Based on the reported structure of the GluA2 glutamate receptor M domains (37) and previous findings from this and another laboratory, we predicted that sites of alcohol action in the NMDA receptor would be formed by groups of 4-6 residues clustered in small regions at the M3-M4 intersubunit interfaces ( Fig. 1 ). Our previous studies have identified three residues in these regions in the GluN2A subunit as putative sites of alcohol action, and a study from another laboratory (32) demonstrated a similar role for GluN1(Phe-639). Because tryptophan substitution has consistently produced the greatest modulation of ion channel behavior without loss of function when substituted into these domains in our previous studies (29-31, 34, 36, 39) , we first tested whether tryptophan substitution at each of the remaining positions in these regions altered alcohol sensitivity. Because GluN1(Met-818), the GluN1 cognate of GluN2A(Met-823), is shifted one position relative to GluN2A(Met-823), we tested four positions in GluN1 M4. All of the tryptophan substitution mutants tested formed functional NMDA receptors (Fig. 2) . All of the GluN2A tryptophan substitution mutants exhibited decreased sensitivity to ethanol, with the exception of GluN2A(Leu-824), in which the ethanol IC50 value was not significantly changed. In contrast, although tryptophan substitutions in GluN1 M3 decreased ethanol sensitivity, tryptophan substitution at any of the four positions in GluN1 M4 did not.
FIGURE 1. A, alignment of M3 and M4 domain residues in GluN1 and GluN2A
subunits is shown. Alcohol-sensitive residues identified in previous studies (29) (30) (31) (32) (33) are denoted by solid arrows; adjacent residues proposed to contribute to alcohol-sensitive sites are denoted by dashed arrows. B, shown is a model of the NMDA receptor M domains from (37) . M domains of the GluN1 subunit are shown in gray, and those of the GluN2A subunit are shown in cyan. Side chains of the five positions noted in A are illustrated in red for the GluN1 M4/GluN2A M3 interface and in blue for the GluN1 M3/GluN2A M4 interface.
FIGURE 2. Single mutations in the M3 and M4 domains of GluN1 and
GluN2A subunits can alter ethanol inhibition. A, records are currents activated by 10 μm glutamate in the presence of 50 μm glycine in cells expressing various mutant GluN2A (upper) and GluN1 (lower) subunits, as indicated. The current trace for F637T is from Ren et al. (31) . B, shown are concentration-response curves for ethanol inhibition of glutamate-activated current in cells expressing various single site substitution mutations in GluN2A (left) and GluN1 (right). Data are the means ± S.E. of n = 5-9 cells; error bars not visible were smaller than the size of the symbols. Curves shown are the best fits to the equation given under "Experimental Procedures." C, graphs plot IC50 values for ethanol in various single site substitution mutations in GluN2A (left) and GluN1 (right). Asterisks indicate IC50 values that differed significantly from that for wild-type GluN1/GluN2A subunits (*, p < 0.05; **, p < 0.01; ANOVA followed by Dunnett's test). Values in B and C for M823T are from Ren et al. (30) , for Leu-824Trp are from Honse et al. (29) , for F637T are from Ren et al. (31) , and for Ala-825Trp are from Salous et al. (39) . for Biochemistry and Molecular Biology and permission has been granted for this version to appear in ePublications@Marquette. American Society for Biochemistry and Molecular Biology does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Society for Biochemistry and Molecular Biology.
Coexpressed GluN1 and GluN2A Mutants in the M3 and M4 Domains Alter Ethanol Inhibition of NMDA Receptors
We coexpressed GluN1 and GluN2A subunits with tryptophan substitutions at ethanol-sensitive positions in the M3-M4 domain interfaces that are predicted by the structural model to be in close proximity and determined the sensitivity of the resultant NMDA receptors to ethanol inhibition. Because of the shift of GluN1(Met-818) by one amino acid relative to its cognate in GluN2A (see above), we tested for two possible interactions with each of the GluN2A M3 alcohol-sensitive positions. We found that each of the mutant combinations tested formed functional receptors (Fig. 3) . In some cases, the characteristics of the receptors, such as apparent desensitization, appeared to differ considerably from those of the mutants at either single subunit. For example, neither the GluN1(L819T) nor GluN2A(F637T) mutant subunits affected apparent desensitization when expressed with the corresponding wild-type subunit, but apparent desensitization was considerably increased when both mutants were expressed together. Ethanol IC50 values in the mutant combinations differed significantly from the wild-type subunits, with the exception of the GluN1(G638T)/GluN2A(M823T) combination. This latter result is of particular interest because either mutation by itself significantly increased ethanol IC50 (30) . A, records are currents activated by 10 μm glutamate in the presence of 50 μm glycine in cells expressing subunits with various mutations in the GluN1 M3/GluN2A M4 domains (upper) and the GluN1 M4/GluN2A M3 domains (lower) as indicated. B, shown are concentration-response curves for ethanol inhibition of glutamate-activated current in cells expressing various dual-site substitution mutations in the GluN1 M3/GluN2A M4 domains (left) and the GluN1 M4/GluN2A M3 domains (right). Data are the means ± S.E. of n = 5-9 cells; error bars not visible were smaller than the size of the symbols. Curves shown are the best fits to the equation given under "Experimental Procedures." C, graphs plot IC50 values for ethanol in various dual-site substitution mutations in the GluN1 M3/GluN2A M4 domains (left) and the GluN1 M4/GluN2A M3 domains (right). Asterisks indicate IC50 values that differed significantly from that for wild-type GluN1/GluN2A subunits (*, p < 0.05; **, p < 0.01; ANOVA was followed by Dunnett's test).
Positions in the M3 and M4 Domains of GluN1 and GluN2A Subunits Interact to Regulate Ethanol Inhibition of NMDA Receptors
If the amino acid side chains at the designated positions in M3 and M4 interact with one another and if this interaction is essential in mediating the action of alcohol on the ion channel, then mutations at the two positions should influence ethanol sensitivity in a manner that is non-additive. To test this we used both two-way analysis of variance (ANOVA) on log-transformed IC50 values and mutant cycle analysis. Of the GluN1 M3/GluN2A M4 mutant combinations, we found an interaction between GluN1(Gly-638) and GluN2A(Met-823), as both types of analysis were statistically significant (Fig. 4 and Table 1 ). The results for the combination GluN1(Phe-639)/GluN2A(Leu-824) were also indicative of an interaction. Interestingly, although the mutants at positions GluN1(Phe-639) and the previously identified alcohol site GluN2A(Ala-825) markedly increased ethanol IC50 both individually and in combination, there was no evidence of an interaction between these two positions. For the GluN1 M4/GluN2A M3 mutant combinations, we tested for interactions of two positions with GluN2A(Phe-636) and three positions with GluN2A(Phe-637). This allowed investigating multiple possible alignments of these positions between the two domains. As was the case for the GluN1 M3/GluN2A M4 mutants, we obtained clear evidence for interactions between pairs of residues in GluN1 M4 and GluN2A M3 (Fig. 5 and Table 1 ). Both types of analysis indicated an interaction of GluN2A(Phe-636) in M3 with GluN1(Met-818) in M4 but not with GluN1(Leu-819) in M4. For GluN2A(Phe-637), the analysis indicated an interaction with GluN1(Leu-819) but not with GluN1(Val-820). for Biochemistry and Molecular Biology and permission has been granted for this version to appear in ePublications@Marquette. American Society for Biochemistry and Molecular Biology does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Society for Biochemistry and Molecular Biology. 
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Positions in the M3 and M4 Domains of GluN1 and GluN2A Subunits Interact to Regulate NMDA Receptor Kinetics
We and others have previously shown that mutations at alcoholsensitive positions in M3 and M4 of the GluN1 and GluN2A subunits can alter NMDA receptor kinetics (31) (32) (33) (34) 36) . If amino acid side chains at two positions in the M3 and M4 domains interact and if one or both of these positions are important in regulating ion channel function, then mutations at the two positions should affect relevant measures of receptor-ion channel function in a non-additive manner. We accordingly tested for interactions among the positions in M3 and M4 of the GluN1 and GluN2A subunits with respect to NMDA receptor deactivation, or decay of current after rapid removal of glutamate using two-way analysis of variance and mutant cycle analysis. Time constants of deactivation differed among the various mutants, and we observed significant interactions with respect to deactivation among pairs of positions in M3 and M4 (Fig. 6 and Table 2 ). For the GluN1 M4/GluN2A M3 mutant subunit combinations, we found that GluN2A(Phe-636) interacted with GluN1(Met-818) but not with GluN1(Leu-819) and that GluN2A(Phe-637) interacted with GluN1(Leu-819) but not with GluN1(Val-820). In contrast, both GluN1 M3 positions studied appeared to interact at least weakly with two positions in GluN2A M4. GluN1(Gly-638) interacted with both Met-823 and Leu-824 in GluN2A, and GluN1(Phe-639) interacted strongly with GluN2A(Leu-824). GluN1(Phe-639) also appeared to interact weakly with GluN2A(Ala-825), as a significant interaction was detected by two-way ANOVA but not by mutant cycle analysis.
FIGURE 6. Positions in the GluN1 and GluN2A subunit M3 and M4 domains
interact to regulate NMDA receptor deactivation rate. A, records show decay of currents activated by 10 μm glutamate and 50 μm glycine after rapid removal of glutamate in cells expressing subunits with various mutations. Current amplitudes are normalized to that of the wild-type subunits. Dashed lines are double exponential fits to the data. B, shown is mutant cycle analysis of deactivation time constants for the subunit combination GluN2A(Phe-637)/GluN1(Leu-819). Apparent free energy values associated with the various mutations ((ΔGX) are given in kcal mol −1 . Asterisks indicate a statistically significant difference of the apparent interaction energy ΔΔGINT from zero energy determined using a one-sample t test (****, p < 0.0001). C-F, graphs plot weighted deactivation time constants versus the substituent at position 636 (C) or 637 (D) in GluN2A for mutants at GluN1 positions 818-821 and the substituent at position 638 (E) or 639 (F) in GluN1 for mutants at GluN2A positions 823-825, as indicated. Asterisks indicate significant interactions (*, p < 0.05; ****, p < 0.0001; two-way ANOVA).
In addition to interactions affecting deactivation, we also observed a significant interaction between GluN1(Leu-819) and GluN2A(Phe-637) with respect to apparent desensitization of glutamate-activated current (Fig. 7) , as assessed by using steadystate to peak current ratios. For GluN1(Ala-821), two-way analysis of variance indicated a deviation from parallelism consistent with a weak interaction with GluN2A(Phe-637) (two-way ANOVA, p < 0.05); however, results of mutant cycle analysis were not consistent with an interaction between these positions.
FIGURE 7.
Positions GluN1(Leu-819) and GluN2A(Phe-637) interact to regulate NMDA receptor apparent desensitization. A, the bar graph shows values of steady-state to peak current ratio (Iss:Ip) for currents activated by 10 μm glutamate and 50 μm glycine in cells expressing wild-type (WT), GluN1(Leu-819), and GluN2A(Phe-637) subunits. Iss:Ip in the dual mutant (N1/N2A) differed significantly from that of all other subunit combinations (one-way ANOVA and Tukey's test; ****, p < 0.0001). B, shown is mutant cycle analysis of steady-state to peak current ratios for the subunit combination GluN2A(Phe-637)/GluN1(Leu-819). Apparent free energy values associated with the various mutations (ΔGX) are given in kcal mol −1 . Asterisks indicate a statistically significant difference of the apparent interaction energy ΔΔGINT from zero energy determined using a one-sample t test (****, p < 0.0001).
Discussion
We and others have previously identified a small number of positions in the GluN1 M3 domain and GluN2A M3 and M4 domains that influence NMDA receptor alcohol sensitivity: Phe-639 in M3 of GluN1 (32), the cognate position, Phe-637, in M3 of the GluN2A subunit (31), and two positions, Met-823 and Ala-825, in the GluN2A M4 domain (29, 30, 36) . A structural model of the NMDA receptor M domains, based on the solved x-ray crystallographic structure of the highly homologous GluA2 subunit (37) , places these residues in the M3 and M4 domains of adjacent subunits in close proximity, with the M3 residues of one subunit closely apposed to the M4 residues of the other subunit type. The proximity of two of these residues, the GluN1(Phe-639) and GluN2A(Ala-825), has been recently reported by the Woodward laboratory (41). The NMDA receptor structural model of Sobolevsky et al. (37) also predicts the involvement of nearby residues. In earlier studies, Smothers and Woodward (33) reported an interaction between GluN1(Phe-639) and GluN1 M4 domain residues with respect to ethanol inhibition, and our laboratory reported that GluN2A Phe-637 and Met-823 could interactively regulate ethanol sensitivity but that these two positions appeared to form separate sites of alcohol action (34) . In this study we demonstrate that pairs of residues in the M3 domain of one subunit type and the M4 of the other subunit type interact to regulate ethanol sensitivity and ion channel function and appear to contribute to a unitary site of ethanol action (Fig. 8) . Although this study does not directly address the manner in which ethanol binds to its target sites on the protein, our results demonstrate that mutations at specific positions in M3 and M4 strongly influence ethanol sensitivity in a non-additive manner. These observations are consistent with the interpretation that the side chains at these positions interact with one another and that these interactions are important in mediating the action of alcohol. In this study we used both two-way analysis of variance and mutant cycle analysis of logtransformed ethanol IC50 values to test for interactions among mutated positions. Although half-maximal concentration values are complex and represent multiple kinetic rates, previous studies have shown the suitability of mutant cycle analysis of complex macroscopic measures to indicate side-chain interactions (40, 42, 43) . In addition, ethanol IC50 values may represent fewer kinetic rates compared with agonist EC50 values, because the main action of ethanol on NMDA receptor kinetics is to decrease mean open time (7), whereas agonist EC50 values depend on multiple microscopic rates underlying both agonist binding and ion channel gating (44) .
Ion channel gating in glutamate receptors is regulated by both the M3 (45-51) and M4 (36, 52, 53) domains. Mutations at a number of alcohol-sensitive positions in M3 and M4 of the GluN1 and GluN2A subunits can alter multiple NMDA receptor kinetic parameters, such as desensitization, mean open time, and agonist affinity (31) (32) (33) (34) 36) , indicating that these positions participate in regulation of receptor-ion channel function. In this study we observed that the rate of deactivation of current after rapid removal of agonist was altered in a number of single and dual mutants. We previously reported that GluN2A(Met-823) regulates receptor desensitization and that mutations at this position can affect apparent affinity of the receptor for glutamate by trapping the agonist to the closed, desensitized state of the receptor-ion channel (36) . This mechanism cannot account for the changes in deactivation caused by mutations at the majority of the for Biochemistry and Molecular Biology and permission has been granted for this version to appear in ePublications@Marquette. American Society for Biochemistry and Molecular Biology does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Society for Biochemistry and Molecular Biology.
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positions tested in this study, because desensitization was unaffected in most of the mutants tested. Nevertheless, because these mutations are in domains regulating gating and are far removed from the agonist binding domains, the alterations we observed in apparent agonist affinity most likely result from alterations in gating caused by the mutations. The positions studied in M3 and M4 thus appear to interactively regulate gating, because we observed strong intersubunit interactions among positions in the M3 and M4 domains with respect to deactivation rate that generally agreed well with the results obtained in ethanol concentration-response experiments. However, the interactions in deactivation rate between the two positions in GluN1 M3 and the three positions in GluN2A M4 were somewhat ambiguous, as each position in GluN1 M3 significantly interacted with two positions in GluN2A M4 as determined by two-way analysis of variance. Results of mutant cycle analysis, however, showed that GluN1(G638) interacts with GluN2A(Met-823) but not GluN2A(Leu-824). Although mutant cycle analysis showed significant interactions of GluN1(Phe-639) with both GluN2A(Leu-824) and GluN2A(Ala-825), the apparent free energy of interaction was >4-fold greater for the former versus the latter pair. The weaker interactions we observed between GluN1 M3 and GluN2A M4 positions may thus reflect functional interactions, resulting from long-distance alterations in conformation, as we have observed previously for GluN2A M3 and M4 positions (34) , but may also result from shorter-lived conformational changes associated with ion channel gating.
For one pair of positions, GluN1(Leu-819) and GluN2A(Phe-637), we also observed an interaction with respect to apparent desensitization. NMDA receptors exhibit multiple forms of apparent desensitization or macroscopic current decay in the prolonged presence of agonist (54); the conditions we used in this study were designed to minimize the influence of forms of current decay other than true desensitization, which refers to sojourns of the liganded receptor in one or more long-lived closed states (55) (56) (57) and thus is a form of ion channel gating. In the NMDA receptor, the M3 domain is primarily responsible for gating of the ion channel (46) (47) (48) 51) , and we and others have shown that the M4 domain regulates gating of the ion channel (36, 52) . Furthermore, alcohol-sensitive positions in both the for Biochemistry and Molecular Biology and permission has been granted for this version to appear in ePublications@Marquette. American Society for Biochemistry and Molecular Biology does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Society for Biochemistry and Molecular Biology.
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M3 and M4 domains of the GluN2A subunit can influence both channel open times, reflecting changes in ion channel closing rates, and macroscopic desensitization, which could result from changes in multiple microscopic kinetic rates (31, 34, 36) . For two of the mutant subunits in this study, GluN1(L819T) and GluN2A(F637T), apparent desensitization of glutamate-activated current was unaltered when either was expressed with the corresponding wild-type subunit but was markedly increased when these mutant subunits were coexpressed. We observed a significant interaction between these two positions using mutant cycle analysis of steady-state to peak current ratio, a measure of macroscopic desensitization. Our results demonstrate both that the side chains at these positions are able to interact and that the GluN1 M4/GluN2A M3 interface, at least when both positions bear a tryptophan substitution, is able to regulate ion channel gating. Because ion channel opening appears to result from the movement of the M3 and M4 domains relative to each other (37, 58) , these results may indicate that the altered interaction at these positions in the dual mutant stabilizes a desensitized state by opposing the conformational change of M3 and M4 associated with channel opening.
Our results generally agree with the predictions of the model of Sobolevsky et al. (37) based on the GluA2 subunit. In the case of the GluN1 M4 domain, however, our results point to a shift by one position in the proposed structural model. Compared with the GluN2A subunit M4 domain, the GluN1 subunit lacks a homologous tyrosine before a methionine at position 818. Sobolevsky et al. (37) reasonably proposed, based on the homology of the remainder of M4, that the preceding phenylalanine residues in GluN1 and GluN2A would be aligned such that the leucine at position 819 would interact with Phe-636 in the GluN2A subunit. We found, however, that GluN2A(Phe-636) significantly interacts with GluN1(Met-818) but not with GluN1(Leu-819) and that GluN2A(Phe-637) significantly interacts with GluN1(Leu-819). In addition, our observation of a significant interaction between GluN1(L819T) and GluN2A(F637T) with respect to apparent desensitization is consistent with this interpretation and provides further support for this alignment using a measure that is not dependent upon the presence of ethanol.
The results of this study also show that the amino acid immediately preceding the previously identified position in the M3 domain in both the GluN1 and GluN2A subunits powerfully influences alcohol sensitivity and that the cognate positions in M4 of the GluN1 subunit do not by themselves appear to regulate ethanol sensitivity. The former result was not observed previously in the original study from the Woodward laboratory in which the adjacent GluN1(Phe-639) was identified as an alcohol-sensitive position (32) . Furthermore, the effect of tryptophan substitution at GluN1(Phe-639) in this study was opposite to that reported in Ronald et al. (32) . In the present study ethanol sensitivity was significantly decreased by tryptophan substitution at GluN1(Phe-639), whereas in the previous study, it was unchanged or slightly increased by tryptophan substitution but was significantly decreased by alanine substitution. The reason for this discrepancy is not immediately clear. This study was performed in HEK 293 cells, whereas the previous study was performed in Xenopus oocytes. However, a more recent study from the same laboratory using HEK 293 cells found that alanine substitution at GluN1(Phe-639) markedly decreased ethanol inhibition (33) . The same study did not report the effects of tryptophan substitution at this position but observed that substitution of other amino acids with large side chains, such as tyrosine, had no effect on ethanol inhibition. Further studies will thus be required to resolve these discrepant findings. In contrast, our findings regarding single tryptophan substitutions at positions in M4 of GluN1 agree with the observations of Woodward and Smothers (33) . In both studies, despite the importance of the cognate positions in GluN2A in alcohol action, single substitutions at these positions in the GluN1 M4 domain had no effect on ethanol sensitivity. These results are surprising given the interaction of these positions with the M3 domain of GluN2A. Further studies involving additional substitutions at these positions in GluN1 M4 will be required to clarify their role in alcohol inhibition of NMDA receptors.
Results of studies on ethanol-sensitive positions in the NMDA receptor M3 and M4 domains (29) (30) (31) (32) (33) taken together with the ionotropic glutamate receptor structural model of Sobolevsky et al. (37) predict two types of sites of ethanol action: GluN1 M3/GluN2 M4, and GluN1 M4/GluN2 M3. Each of these sites consists of two amino acid positions in the M3 domain and three amino acid positions in the M4 domain. The results of this study indicate that these sites are not equivalent; mutation of the M3 domain residues in either subunit significantly alters ethanol IC50 values, whereas mutation of the M4 domain residues in the GluN2A, but not GluN1, subunit alters ethanol IC50 values. This latter result may arise from the marked differences in kinetic behavior attributed to the two types of subunits (21) and further suggests that although the GluN1 and GluN2 subunits contribute to both types of ethanol-sensitive sites, the roles of the M3 and M4 domains in forming these sites is not identical in both subunit types. The greater effect of mutations at sites in the M3 domain compared with those in the M4 domain most probably also reflects the importance of the M3 domain in ion channel gating (47, 48) , whereas the influence of the M4 domain on gating is indirect and mediated by its interaction with the M3 domain (36) . One surprising insight provided by the structural model is that GluN2A(Ala-825), which powerfully regulates alcohol sensitivity (29, 34) , is not predicted to interact with another M domain side chain but rather is oriented toward the surrounding membrane lipids. Unless this residue interacts with another membrane protein, as has been shown for a residue approximately one c-helical turn above this position in an AMPA receptor (53) , this may suggest an interaction with the membrane lipid such that both protein-protein and protein-lipid interactions could regulate ethanol action. Interestingly, tryptophan substitution at the cognate position in GluN1, Val-820, had no effect on ethanol IC50, perhaps because of the greater hydrophobicity of the valine at this position compared with alanine at GluN2A(Ala-825). Also of interest is that tryptophan substitution at GluN2A(Leu-824), which we found to interact strongly with GluN1(Phe-639) and which is predicted by the model to be closely apposed to this side chain, did not by itself have any influence on ethanol sensitivity.
In summary, taking the results of this study together with those of previous studies, we propose the existence of four sites of ethanol action on NMDA receptors located at the M3-M4 domain interfaces. We previously demonstrated that mutations at individual positions in these sites can regulate ion channel gating; it will be of interest in future
